The synthesis and binding properties of new porphyrin cage compounds consisting of a rigid diphenylglycoluril part, which is connected via flexible bis(ethyleneoxy) spacers to a (metal-) porphyrin 'roof', are reported. Binding of viologen guests and pyridine ligands in these porphyrin cages are accompanied by significant conformational reorganizations of the hosts. Despite these structural changes, association constants are still very high, revealing that not only receptors that bind guests according to a lock-and-key mechanism but also those that bind guests via an induced-fit mechanism can exhibit strong binding.
Introduction
In search for new synthetic catalysts that function according to the principles of enzymes, different types of catalytically active receptor molecules have been developed, [1] many of which consist of metal porphyrins that are covalently connected to a substrate-recognizing cavity. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] We have previously reported on the synthesis and guest binding properties of so-called 'porphyrin clips', cavity molecules based on diphenylglycoluril that are capped with a porphyrin roof (H22, H23). [13] Insertion of a manganese center in the porphyrin plane of H22 to give Mn2 turned the host molecule into a catalyst for the epoxidation of alkenes. When the outside of the host was shielded by coordinating a bulky axial ligand to the manganese center, the catalysis was forced to take place on the inside of the cavity. [14, 15] Using this approach, a mimic of so-called processive enzymes such as DNA polymerase and λexonuclease, was developed. These enzymes duplicate or modify a DNA strand while remaining attached 4 hexane. H21 was nearly quantitatively converted to the corresponding zinc derivative Zn1 by a reaction with an excess of zinc acetate dihydrate in a 1:1 mixture of dichloromethane and methanol. shift of -1 to -2 ppm, which can be ascribed to the shielding effect of the porphyrin ring current, suggesting that these protons are all in the direct proximity of the porphyrin surface. Molecular modeling calculations of H21 based on the nOe constraints observed in the 2D-ROESY spectrum predict an average non-symmetric conformation for the molecule, in which the clip framework is arranged in a twisted fashion underneath the porphyrin roof, with the crown ether spacers filling up the space between these two moieties ( Figure 2 ). This non-symmetry is not observed in the 1 H NMR spectrum at room temperature, because the exchange of the different conformations is fast on the NMR timescale. Variable temperature NMR experiments in CDCl3 demonstrated that it is possible to freeze out non-symmetrical conformations of the molecule. In the 500 MHz 1 H NMR spectrum of H21 in CDCl3 at 218 K, a doubling of the shifts was observed for protons throughout the molecule (Figure 3b ). The downfield shifted resonances of the spacer protons (most significantly those of H-7a and H-7b, which are closest to the porphyrin) suggest that at a lower temperature they are further away from the porphyrin plane, which indicates that the molecule adopts a more opened conformation upon cooling.
Figure 2
Computer-modeled structure of H21 in CDCl3 at room temperature, based on the 1 H-NMR, COSY and 2D-ROESY spectra. The insertion of a zinc ion in the porphyrin to give Zn1 caused a broadening of signals over the entire range of the 1 H NMR spectrum in CDCl3, most dramatically for the signals of the side-wall protons H-5, the phenyl proton H-3, and the benzylic protons H-4a and H-4b ( Figure 3 ). These signals are shifted upfield compared to the signals of H21, indicating that in Zn1 the clip moiety is located closer to the porphyrin roof. This effect is proposed to be the result of intramolecular coordination of one of the crown ether oxygen atoms of the spacer to the zinc ion in the porphyrin. A 2D-ROESY NMR measurement showed NOE contacts between many of the crown ether protons and the porphyrin β-pyrrole protons (H-14, H-15), which confirms the proposed closed conformation of the molecule. Further evidence for the intramolecular coordination interaction was obtained from the UV-vis spectrum of Zn1 in CHCl3 ( Figure   4 ), in which the porphyrin Soret and Q bands showed red-shifts of 7 and 13 nm, respectively, compared to these bands in the UV-vis spectrum of Zn2, in which such an interaction is absent. These observed redshifts are typically observed when oxygen atoms (such as [1, 4] dioxane, tetrahydrofuran and diethylether) are coordinated to the zinc center in porphyrins. [37] The non-symmetric shape of the Soret band of Zn1
indicates that the molecules are present as a mixture of conformers in which either the intramolecular coordination is absent (absorption maximum at 419 nm) or in which it is present and the molecule adopts a closed conformation (absorption maximum at 429 nm), roughly in a 1:2 ratio as could be determined by deconvolution ( Figure 4 ). In order to rule out that the observed spectral properties are simply a result of coordination of water to the zinc ion on the inside of the cavity (an effect which has been observed in Xray structures of some crown ether-functionalized porphyrins [38] ), a 1 H NMR titration of Zn1 with water was performed in CDCl3. Although the titration revealed a weak coordination of this ligand (Ka = 30 M -1 ) to the inside of the cavity, it induced an opening of the cavity rather than a closing, as can be concluded from the downfield shift of the resonances of H-3, H-4 and H-5 (Figures 3c, d) . These observations indicate that water coordination does not account for the observed closed conformation of Zn1. Binding properties. Cavity-containing porphyrin receptor molecules based on diphenylglycoluril are known to be capable of binding small aromatic guest molecules by a variety of interactions, viz., by hydrogen bonding, π-π interactions, [39] van der Waals interactions, dipole interactions, and in the case of a Zn(II) ion present in the porphyrin, by complexation of ligands to the metal center. In the following sections the complexation behaviour of pyridine and viologen substrate molecules to hosts H21 and Zn1 will be investigated.
Binding of pyridine derivatives. A number of 1 H NMR and UV-vis titrations were carried out in
CDCl3/CD3CN 1:1 (v/v) and CHCl3/CH3CN 1:1 (v/v), respectively, to investigate the binding of pyridinecontaining substrates P1-P5 to host Zn1. Upon coordination of all the pyridine ligands, the UV-vis spectra showed very similar 3-4 nm red-shifts of the porphyrin Soret band. In addition, the presence of several isosbestic points indicated the formation of well-defined host-guest complexes. Upon the addition of each of the ligands, the broad signals in the 1 H NMR spectrum of Zn1 sharpened, indicating a replacement of the intramolecular zinc-oxygen coordination by the intermolecular coordination of the pyridine ligands. Bulky pyridines P1 and P2 are too large to fit inside the cavity and as a result they can only coordinate to the zinc ion on the outside. Coordination of these ligands to Zn1
induced in both cases identical shifts in the 1 H NMR spectra, which indicates that similar binding geometries occur. The downfield shifts of the signals of protons H-3, H-4 and H-5 indicate that the cavity adopts a more opened conformation, very similar to that observed for H21, which is confirmed by the nearly identical resonances observed for Zn1 in the 1 H NMR spectra ( Table 2 ). The calculated association constants for P1 and P2 with Zn1 are relatively low (Ka for P1 = 550 M -1 , Ka for P2 = 350 M -1 ), which is due to the absence of additional stabilizing interactions by the cavity and to the competition of the intramolecular zinc-oxygen coordination with the coordination of the ligands. Pyridine (P3) coordinates predominantly on the inside of the cavity. In the 1 H-NMR spectra of the complex, the signals of the oxyethylene protons H-6 and H-7 have shifted downfield, which indicates that their position in close proximity to the porphyrin has been occupied by the ligand ( Table 2 ). The association constant (Ka = 3200 M -1 ) is of the same order of magnitude as those of other pyridine-to-zinc-porphyrin association constants in this solvent mixture, [40] which suggests that P3 only experiences little extra stabilizing interactions despite its position inside the cavity of Zn1. As opposed to the complexes of P3 with Zn2
and Zn3, which are extra stabilized by favourable π-π interactions, leading to high association constants
and Ka Zn3-P3 (CHCl3) = 1.4 × 10 4 M -1 ), [13] the complex between Zn1 and P3 apparently does not experience these extra stabilizing interactions, probably because the complex cannot adopt a geometry in which the pyridine ring is located in between the cavity side-walls due to the longer crown ether spacers.
Molecular modeling indicated that 4,4'-bipyridine (P4) and 4-phenylpyridine (P5) would be large enough to be accommodated with an ideal fit inside the cavity of Zn1. Upon the addition of P4 or P5 to Zn1, the 1 H-NMR spectra of the complexes revealed dramatic conformational changes throughout the host molecule ( Table 2) , which suggests a strong induced-fit binding mechanism. In the 2D-ROESY spectrum, nOe contacts between the protons of the guests and of the cavity proved their coordination inside the cavity. Despite the occurrence of large geometrical rearrangements, the measured association constants are high (Ka for P4 = 3.1 × 10 4 M -1 , Ka for P5 = 2.8 × 10 4 M -1 ). The X-ray structures of both complexes could be determined, and these demonstrated the nearly perfect fit of the guests inside of the cavity of Zn1 ( Figure 5 ). In both complexes, Zn1 has adopted a fully stretched conformation, and the lower aromatic rings of the guests are located in between the cavity side-walls, the average distances between these aromatic rings being 3.26 Å in the complex of Zn1 with P4 and 3.39 Å in the complex with P5, (Table 2 ). These shifts are clearly the result of Zn1 adopting a stretched conformation upon the binding of P4 and P5, which brings protons H-8
and H-9 closer to the shielding porphyrin plane than H-6 and H-7, whereas in unoccupied Zn1, H-6 and H-7 are located much closer to the porphyrin. The cavity of Zn1 in the complex with P5 is slightly more stretched (0.25 Å) than in the complex with P4, which is the result of the difference in size between these guests. A careful look at Table 2 reveals that this more stretched conformation of the complex with P5
compared to the complex with P4 is also apparent from the different complexation induced shift values (the resonances of H-3, H-4 and H-5 are located more downfield in the complex with P5 compared to the complex with P4), which indicates that the complexation geometry in solution is similar to that in the crystal. Simultaneously, large upfield shifts (Δδ = -0.97 to -1.08 ppm) were observed for the pyrrole NH resonances as a result of shielding by the aromatic surfaces of the guests, which are therefore proposed to bind parallel and in close proximity to the porphyrin surface ( Figure 6 ). [45] The large changes in the NMR spectra of H21 upon the binding of the viologen guests indicate the occurrence of induced-fit binding mechanisms. The calculated association constants are high (Table 3 ) and in the same order of magnitude as the binding of V1 to H22 (Ka = 6.0 × 10 5 M -1 ). [13] Clearly, the binding geometry of V1 in H21 is different than that of V2-V4 in this host, which can be concluded from the completely different complexation induced shift (CIS) values that are observed for the complexes ( Figure 1 and Chart 3.
[b] CIS value could not be determined because the signal was obscured by other proton resonances.
The flexible, electron-rich crown ether-like spacers play a crucial role in the accommodation of the electron-deficient viologen guests. Molecular modeling indicates that two binding geometries of a viologen guest in H21, in which it is oriented parallel to the porphyrin plane, are possible ( Figure 6 ). In the "pseudo-rotaxane geometry" the crown ether-like oxygen atoms are facing the inside of the cavity, thereby stabilizing the positive charges of the viologen. In the so-called "suit(2)ane geometry", [46] the positive charges of the viologen guest are located in between the two crown ether-like rings between the cavity side-walls and the porphyrin. In order to force viologen complexation in the rotaxane geometry, V5
was added to H21. The bulky blocking groups of this guest can only be traversed by the full dimension of the cavity and the geometry of the resulting host-guest complex can therefore only be rotaxane-like, as in Figure 6a . The formation of the complex of H21 with V5 was found to occur via a so called 'slippage' mechanism: in order to bind the guest, H21 first needs to slip over one of the two blocking groups thereby mounting a high activation barrier. [47] [48] [49] [50] [51] At NMR concentrations (≈ 10 -3 M), it takes several days before the components reach complexation equilibrium.
[52] The 1 H NMR and 2D-ROESY spectra of the complex are strikingly similar to the spectra of the complexes between H21 and V2-V4 (Table 4 ), which therefore indicates that all these derivatives have pseudo-rotaxane complexation geometries.
Figure 6
Computer-modeled structures and cartoons of (A) the "pseudo-rotaxane geometry" of the complex between H21 and V2 and (B) the "suit(2)ane geometry" of the complex between H21 and V1, based on the 1 H, COSY and 2D-ROESY NMR spectra.
The complex between H21 and V1, on the other hand, was found to have a suitane geometry ( Figure   6b ). nOe contacts are observed between the host protons H-14 and H-9a/H-9b (see Figure 1) , and between H-15 of the host and Hc of V1, whereas in the complexes of H21 with V2-V5, H-15 has nOe contacts with H-9b and H-14 with Hc of V3-V5. The crown ether-like proton signals furthermore appeared to be very diagnostic for identifying either a rotaxane or a suitane geometry (Figure 7 ). For instance, in the suitane geometry H-9a experiences more shielding from the porphyrin plane than H-9b, whereas in the rotaxane complexes H-9b is more shielded than H-9a. An attempt was undertaken to convert a complex with rotaxane geometry into a complex with suitane geometry. To this end, V1 was titrated into a solution containing a 1:1 complex between H21 and V2 (Figure 7c ). The observed changes in the NMR spectra indeed indicated the formation of the suitane complex between H21 and V1 at the expense of the rotaxane complex between H21 and V2, confirming the above described interpretations of the NMR data. In addition, the competition experiment revealed that V1 binds five times stronger to H21 than V2, in line with the obtained values for the association constants (Table 3 ). and experience, in addition to ideal van der Waals interactions, strong π-π interactions with the cavity side-walls, which results in stronger binding. The association constants between V1 and H21 (Ka = 6.4 × 10 5 M -1 ) and V1 and H22 (Ka = 6.0 × 10 5 M -1 are several orders of magnitude larger than that observed for the binding of this guest to H23 (Ka = 1100 M -1 ). In the complexes with the former two hosts, V1 is bound in a very tight geometry. H21 accommodates the positive charges of V1 between the two crown ether-like rings and the complex is further stabilized by additional π-π interactions between the porphyrin and the guest. In H22, V1 is clamped between the cavity side-walls, which provide stabilizing π-π interactions in addition to electrostatic interactions between the crown ether-like oxygen atoms and the positive charges of the guest. The crown ether-like rings of host H23 are oriented too wide to favourable wrap themselves around V1, which results in weaker binding. The differences in binding strength between the complexes of the different viologen guests with host H21 (Table 2) can also be explained in this way. In the suitane geometry of the complex between V1 and H21, the guest is bound more tightly when compared to the more loosely bound guests V2-V5 in the rotaxane geometry, resulting in a higher association constant observed for V1.
Conclusion
The flexibility of the new porphyrin hosts H21 and Zn1 is expressed in their complex conformational behaviour upon the binding of guests. Insertion of a zinc ion in the porphyrin causes a structural change in the host cavity which is attributed to an intramolecular coordination between the zinc ion and the oxygen atoms in the crown ether-like spacers. The binding of guests on the inside of the cavities induces large conformational changes throughout the hosts. Despite the binding of guests via induced-fit mechanisms, in many cases still high association constants are obtained, which shows that not only 'lock and key', but also 'induced-fit' binding can lead to the formation of strong complexes.
Experimental Section
General. All syntheses were carried out under an inert nitrogen or argon atmosphere. Chloroform and acetonitrile used in titration experiments were distilled from CaCl2. Dichloromethane, 1,2-dichloroethane, [34, 35] tetrakis(chloromethyl) diphenylglycoluril 8 [36] methyl viologen V1 and double blocked viologen V5 [18] were synthesized according to literature procedures.
Syntheses.
Tetra tosyl host molecule (9): Compounds 7 (4.5 g, 7.6 mmol) and 8 (1.8 g, (3.8 mmol) were dissolved in freshly distilled 1,2-dichloroethane (300 mL). SnCl4 (4 mL, 32 mmol) was added and the mixture was refluxed under argon for 16 hours. After cooling, aqueous 6N HCl (10 mL) was added and the mixture was refluxed for another 30 min. After cooling CH2Cl2 (100 mL) was added and the organic layer was washed with aqueous 1N HCl (3 × 100 mL) and water and evaporated to dryness. After purification by column chromatography (50% to 70% EtOAc in toluene (v/v)) and crystallization from nitromethane, 9
was obtained as a white solid (1.37 g, 23%). 1 86 (m, 4H) , -2.62 (s, 2H, NH); see Figure 1 for proton assignments. 13 Figure 3 for proton assignments. 13 
